Background: Fructose administration rapidly induces oxidative stress that triggers compensatory hepatic metabolic changes. We evaluated the effect of an antioxidant, R/S-α-lipoic acid on fructose-induced oxidative stress and carbohydrate metabolism changes. Methods: Wistar rats were fed a standard commercial diet, the same diet plus 10% fructose in drinking water, or injected with R/S-α-lipoic acid (35 mg/kg, i.p.) (control + L and fructose + L). Three weeks thereafter, blood samples were drawn to measure glucose, triglycerides, insulin, and the homeostasis model assessment-insulin resistance (HOMA-IR) and Matsuda indices. In the liver, we measured gene expression, protein content and activity of several enzymes, and metabolite concentration. Results: Comparable body weight changes and calorie intake were recorded in all groups after the treatments. Fructose fed rats had hyperinsulinemia, hypertriglyceridemia, higher HOMA-IR and lower Matsuda indices compared to control animals. Fructose fed rats showed increased fructokinase gene expression, protein content and activity, glucokinase and glucose-6-phosphatase gene expression and activity, glycogen storage, glucose-6-phosphate dehydrogenase mRNA and enzyme activity, NAD(P)H oxidase subunits (gp91 phox and p22 phox ) gene expression and protein concentration and phosphofructokinase-2 protein content than control rats. All these changes were prevented by R/S-α-lipoic acid co-administration. Conclusions: Fructose induces hepatic metabolic changes that presumably begin with increased fructose phosphorylation by fructokinase, followed by adaptive changes that attempt to switch the substrate flow from mitochondrial metabolism to energy storage. These changes can be effectively prevented by R/S-α-lipoic acid co-administration. General significance: Control of oxidative stress could be a useful strategy to prevent the transition from impaired glucose tolerance to type 2 diabetes.
Introduction
Several authors have suggested that the increased use of refined carbohydrates such as fructose-rich syrups has greatly contributed to the epidemics of obesity and type 2 diabetes [1, 2] . Additionally, many investigators have demonstrated that administration of fructose-rich diets to normal rats induces several metabolic and endocrine dysfunctions, affecting many tissues and organs [3] [4] [5] [6] . Since the liver is primarily responsible for fructose uptake and metabolism, a number of studies have dealt with its effect on hepatic glucose metabolism [7, 8] . Although the underlying mechanism of fructose-induced detrimental effects is not fully understood, experimental evidence suggests that oxidative stress could play a key role [9] [10] [11] [12] . In this regard, we have previously demonstrated that short-term fructose administration to normal rats induces a significant enhancement of oxidative stress markers in several organs including the liver [3, 4] , associated insulin resistance, a switch of hepatic carbohydrate and lipid metabolism towards its anabolic pathway and impaired glucose tolerance [5, 6, 13, 14] .
If the above-mentioned changes were specifically linked to fructoseinduced oxidative stress, then the administration of an antioxidant agent should prevent/alleviate the development of oxidative stress. Supporting this assumption, we have previously shown that coadministration of an antioxidant, R/S-α-lipoic acid to fructose-fed rats prevents both oxidative stress and most of the endocrine-metabolic dysfunctions triggered by fructose [15] . We do not know, however, the potential molecular link between fructose-induced oxidative stress and the resultant impaired carbohydrate metabolism. In the series of experiments herein described we examined the effect of R/S-α-lipoic acid co-administration on carbohydrate metabolism in fructose-fed rats in order to clarify the adaptive mechanisms involved in fructoseinduced oxidative stress that may be the basis for strategies for our understanding of obesity and type 2 diabetes mellitus frequently associated with high fructose consumption.
Materials and methods

Chemicals and drugs
Reagents of the purest available grade were obtained from Sigma Chemical Co. (St. Louis, MO, USA). An injectable solution (Megatioc®) of R/S-α-lipoic acid was purchased from John Martin S.R.L (Buenos Aires-Argentina).
Animals
Normal male Wistar rats (150-180 g) were maintained at 23°C with a fixed 12-h light-dark cycle (06:00-18:00 h) and divided in 4 groups: standard commercial diet ad libitum and tap water (control), the same diet plus 10% fructose in the drinking water (fructose), and two additional groups that were injected with R/S-α-lipoic acid (35 mg/kg, i.p) (control + L and fructose + L) during the last five days of treatment. Control and fructose animals were injected with the same volume of saline buffer. Water intake was measured daily, and individual body weight was recorded weekly. This procedure was replicated 5 times (total, 20 animals per group). Twenty-one days after this treatment, blood samples from 4-h fasted animals were drawn from the retroorbital plexus under light halothane anesthesia and collected into heparinized tubes to measure blood glucose, serum triglyceride and immunoreactive insulin levels. Afterwards, the animals were killed by decapitation and a portion of the median lobe of the liver was removed to perform all the assays. When the assays were not performed immediately, the lobe was quickly immersed in liquid nitrogen and thereafter stored in a deep freezer at −80°C; all enzyme activities were measured within a week. Animal experiments and handling were performed according to the "Ethical principles and guidelines for experimental animals" (3rd Edition 2005) of the Swiss Academy of Medical Sciences.
Serum measurements
Glucose was measured with the glucose-oxidase GOD-PAP method (Roche Diagnostics, Mannheim, Germany), triglyceride levels were determined with a commercial kit (TG color GPO/PAP AA, Wiener lab, Argentina) and immunoreactive insulin levels were determined by radioimmunoassay (Linco Research Inc., IN, USA). Serum insulin and fasting glycemia values were used to estimate the homeostasis model assessment-insulin resistance (HOMA-IR) (serum insulin (μU/ml) × fasting blood glucose (mM)) / 22.5 [16] . The Matsuda index (hepatic insulin sensitivity) was calculated with the formula k / fasting plasma insulin (FPI) × fasting plasma glucose (FPG), where k: 22.5 × 18 [17] .
Isolation of total RNA
Total liver RNA was isolated using TRIzol® Reagent (Gibco) [18] . Reverse transcription-PCR (RT-PCR) was performed using the SuperScript III (Invitrogen, USA) and total RNA from the rat livers as a template.
Gene expression by real-time PCR (qPCR) (quantitative PCR)
qPCR was performed with a Mini Opticon Real-Time PCR Detector Separate MJR (Bio-Rad Laboratories), using SYBR Green I as a fluorescent dye. Then 10 ng of cDNA was amplified in 25 μl of the reaction mixture containing 0.6 μM of each primer, 3 mM MgCl 2 , 0.2 mM dNTPs and 0.15 μl of platinum Taq DNA polymerase (6 units/μl; Invitrogen, USA). Samples were first denatured at 95°C for 3 min followed by 40 PCR cycles (a melting step at 95°C for 30 s, an annealing step at 62°C for 45 s and an extension step at 72°C for 30 s), followed by a final extension at 72°C for 10 min. The oligonucleotide primers (forward and reverse) (Invitrogen) used are listed in Table 1 . All amplicons were designed in a size range of 90-288 bp. The specificity of the primers was double checked: a) performing an endpoint PCR and determining a single amplicon at the predicted size and b) measuring the melting curves in the qPCR system and controlling the existence of a single pick. The efficiency of the primers employed was calculated after performing calibration curves using different quantities of cDNA. Results are expressed as relative gene expression after normalization to the β-actin housekeeping gene using the Qgene96 and LineRegPCR software [19] .
Western blot analysis
Immunodetection of glucokinase, phosphofructokinase 2 (PFK-2), fructokinase, p22 phox and β-actin was done in liver homogenates. Protein concentration was quantified by the Bio-Rad protein assay [20] . Thereafter, dithiothreitol and bromophenol blue were added to a final concentration of 100 mM and 0.1%, respectively. Nonspecific binding sites of the membranes were blocked by previous overnight incubation with non-fat dry milk at 4°C. Enzyme identification and quantification were performed using specific primary antibodies ( Table 2 ). Diaminobenzidine (Sigma Co.) or enhanced chemiluminescence (GE Healthcare, UK) was used for color development. Finally, the bands were quantified by densitometry using the Gel-Pro Analyser software. β-Actin density was used to normalize the protein content: the target protein relative content was divided by the relative β-actin protein level in each group.
Liver glycogen content
Pieces of fresh liver (400 mg) were placed in 1 ml of 33% KOH and incubated for 20 min at 100°C. Then, 1.25 ml of ethanol was added to each tube and the mixture was incubated for 48 h at 4°C and finally centrifuged at 700 ×g for 20 min. The pellets obtained were resuspended in 1 ml of distilled water plus 3 ml of Antrone solution (0.1% in 84% H 2 SO 4 ) and incubated for 20 min at 100°C. The absorbance was measured photometrically at 620 nm and the results expressed as μmol of glycogen/mg of tissue [21] .
Liver fructokinase activity
Pieces of liver were homogenized in buffer containing 25 mM HEPES (pH 7.1), 100 mM KCl, 1 mM DTT, and 0.1 mM EDTA; they were then spun at 10,000 ×g at 4°C for 20 min and aliquots of the supernatant were frozen for further activity assay. To measure FK activity we used a coupled enzymatic assay based on existing methods [22] . Briefly, 10-20 μl of the sample were added to 200 μl of the reaction mixture containing of 25 mM HEPES (pH 7.1), 6 mM MgCl2, 25 mM KCl, 10 mM NaF, 5 mM D-fructose, 0.2 mM NADH, 1 mM phosphoenolpyruvate, Table 1 Primer sequences.
Gene
GenBank® Sequences
FW, forward primer. RV, reverse primer.
40 U/ml pyruvate kinase, 40 U/ml lactate dehydrogenase, and 50 mM N-acetyl-D-glucosamine (to inhibit hexokinase but retain fructokinase activity). The reaction was started by adding 10 μl of ATP (5 mM final concentration) and quantitatively measured accordingly to a decrease of optical density at 340 nm during 30 min.
Liver glucokinase activity
Liver pieces removed from the animals were homogenized in icecold PBS containing 0.1 mM PMSF, 0.1 mM benzamidine, 2 mM DTT, 4 μg/ml aprotinin and 0.3 M sucrose, pH 7.5. Aliquots of these homogenates were centrifuged at 600 ×g to separate the nuclear fraction. The supernatant was centrifuged twice at 8000 and 100,000 ×g at 4°C, and the resultant supernatant was collected and identified as the cytosolic fraction (c f ), which contains the active functional form of the enzyme. Thereafter, the nuclear fraction, containing the inactive form of glucokinase due to its binding with its regulatory protein, was resuspended and incubated for 12 min at 20°C in a permeabilizing medium containing 150 mmol/ml KCl, 3 mmol/l Hepes, 2 mmol/l DTT, and 0.04 mg/ml digitonin, pH 7.2. At the end of this incubation, samples were centrifuged (600 ×g) and the digitonin supernatant was removed and collected for further determinations (n f ). Digitonin treatment allows the release of glucokinase from its regulatory protein, rendering a soluble and active glucokinase. Glucokinase activity was finally measured in aliquots of both liver fractions and the activity ratio for c f /n f considered as an indirect measurement of nucleus/cytosol translocation [5] . Rates of glucose phosphorylation in both fractions were measured at 37°C, pH 7.4, by recording the increase in absorbance at 340 nm in a well-established enzyme-coupled photometric assay [5, 23] . Glucokinase activity was obtained by subtracting the activity measured at 1 mM glucose (hexokinase) from that measured at 100 mM glucose. Enzyme activity is expressed as m-units/mg of protein. One unit of enzyme activity was defined as 1 μmol of glucose-6-phosphate formed from glucose and ATP/min at 37°C.
Liver glucose-6-phosphatase activity
Homogenization of liver samples and isolation of microsomes were carried out as described by Nordlie & Arion [24] . Homogenization medium was 0.25 M sucrose/5 mM Tris-acetate/0.5 mM EDTA, pH 7.4. Microsomes were washed once with 0.25 M sucrose/5 mM Tris-acetate, pH 7.4, and centrifuged at 100,000 ×g. Fully disrupted microsomes were prepared at 0°C by adding 0.1 ml of 0.75% Triton X-100 to 0.9 ml of untreated microsomes (approximately 10 mg of protein) and allowed to stand on ice for 20 min. Then 50 μl of the mixture and 50 μl of glucose-6-phosphate sodium salt (0.8 M) were added and samples were incubated for 10 min at 30°C. The reaction was stopped by adding 250 μl of 10% trichloroacetic acid; then, 2 ml of MoNH 4 (diluted in 1 M H 2 SO 4 ) plus 320 μl of FeSO 4 (diluted in 0.15 M H 2 SO 4 ) were added to 200 μl of each sample. The activity of glucose-6-phosphatase was determined by measuring the release of inorganic phosphate from glucose-6-phosphate. The absorbance was photometrically read against a reagent blank at 660 nm and results were expressed as 'latency', calculated according to the following formula: 100 × (activity in disrupted microsomes − activity measured in untreated microsomes) / activity measured in disrupted microsomes.
Liver glucose-6-phosphate dehydrogenase activity
Pieces of liver were homogenized in 0.1 M Tris/HCl and 1 mM EDTA, pH 7.6 (10 ml/g of tissue). The homogenate was centrifuged for 15 min at 10,000 ×g and enzyme activity was measured in the supernatants by recording the changes in absorbance at 340 nm in a well-established enzyme-coupled photometric assay as described by Beutler [25] . Briefly the sample was added to the buffer assay (Tris-HCl 1 M, EDTA 5 mM, pH 8, MgCl 2 0,1 M and NADP + 2 mM), and incubated for 10 min at 37°C. Thereafter, the sample was divided into 4 aliquots (tubes 1 to 4): tube 1 without sample, tube 2 plus 6 mM G-6-P, tube 3 plus 6 mM 6-phosphogluconate and tube 4 plus both compounds. The glucose-6-phosphate dehydrogenase activity was calculated by subtracting the activity measured in tube 3 from that of tube 4 [25] . Glucose-6-phosphate dehydrogenase catalyzes the oxidation of glucose-6-phosphate to 6-phosphogluconolactone, which quickly and spontaneously hydrolyzes to 6-phosphogluconate. In the next step, 6-phosphogluconate dehydrogenase catalyzes the oxidation of 6-phosphogluconate to ribulose-5-phosphate and CO 2 . These procedures allow the simultaneous calculation of glucose-6-phosphate dehydrogenase activity in the standard way as well as the glucose-6-phosphate dehydrogenase activity as corrected for 6-phosphogluconate dehydrogenase activity [25] .
Statistical analysis
Results are expressed as means ± SEM for the indicated number of observations. Statistical analysis was performed using ANOVA followed by Dunnett's test for multiple comparisons using the Prism analysis program (GraphPad). The Bartlett's test was employed to assess variances homogeneity. Differences were considered significant when p b 0.05.
Results
Body weight and water intake
Comparable body weight changes were recorded in all groups over the 3-week study period (Table 3) . Fructose fed and fructose + L animals drank a larger volume of water than control and control + L (55 ± 11 and 47 ± 12 vs. 29 ± 2 and 28 ± 2 ml/day, respectively; p b 0.05). Conversely, control and control + L rats ate significantly more solid food than fructose and fructose + L rats (21 ± 1 and 22 ± 1 vs. 16 ± 1 and 17 ± 1 g/animal/day; p b 0.05). Consequently, while the daily intake of nutrients (expressed as percentage) was different in the experimental groups (carbohydrates/protein/lipids 45:43:12 for control and control + L compared to 59:32:9 and 57:34:9 for fructose and fructose + L respectively), their calorie intake was comparable (control: 58 ± 3; control + L: 65 ± 2; fructose: 66 ± 5; fructose + L: 66 ± 4 kcal/day). The daily calorie intake was calculated based on the amount of daily intake of nutrients (solid food plus the fructose in the water) multiplied by either 4 (carbohydrates and protein) or 9 (fat) calories.
Serum measurements
Fructose-fed rats had higher serum insulin and triglyceride concentrations than control rats (Table 3 ). The high Matsuda index and HOMA-IR values measured in fructose-fed rats demonstrated the presence of a decrease in insulin sensitivity both in the liver and in the other peripheral tissues as well (Table 3) . Co-administration of R/S-α-lipoic acid to these rats prevented the development of all the metabolic and endocrine changes as well as the decreased hepatic and general response to insulin; consequently, the different parameters tested attained values comparable to those recorded in control rats; this effect was even greater for triglycerides, in which triglyceride concentrations were lower than those recorded in control rats (Table 3 ).
Liver fructokinase gene expression, protein content and activity
Fructose-fed rats had increased fructokinase gene expression, protein content and activity, changes that were prevented by R/S-α-lipoic acid administration (Fig. 1A , B and C, respectively).
Liver glucokinase gene expression, protein content and activity
Glucokinase gene expression measured in liver homogenates was higher in fructose-fed compared to control rats, but the difference was not statistically significant (control, 1.36 ± 0.26 vs. fructose, 2.4 ± 0.69, relative gene expression × 1000). Nevertheless, its expression in fructose + L animals was similar to that seen in control rats (fructose + L, 1.58 ± 0.47, relative gene expression × 1000). Glucokinase protein content was comparable in all groups, suggesting that it was not significantly affected either by fructose or by R/S-α-lipoic acid co-administration ( Fig. 2A) .
On the other hand, when enzyme activity was measured independently in the cytosol (c f ) (active form of the enzyme) and in the nuclear (n f ) (inactive form) fractions of liver homogenates, it was higher in the n f than in the c f fraction of control, control + L and fructose + L animals. This was reversed in the fructose-fed animals ( Fig. 2B-C ). These results demonstrate a different nucleus/cytosolic translocation rate among the experimental groups.
Liver PFK-2 protein content
Fructose-fed animals had a significantly higher PFK-2 protein content than the controls. This increment was prevented by R/S-α-lipoic acid co-administration (Fig. 2D-E ).
Liver glucose-6-phosphatase gene expression and activity
Rats fed fructose had a higher glucose-6-phosphatase gene expression and activity. This was prevented by R/S-α-lipoic acid coadministration ( Fig. 3A and B) .
Liver glucose-6-phosphatase dehydrogenase gene expression and activity
The amount of glucose-6-phosphatase dehydrogenase mRNA and the enzyme's activity was significantly higher in fructose-fed compared with control animals. Once again, R/S-α-lipoic acid co-administration prevented these changes (Fig. 3C and D, respectively) .
Liver glycogen content
Supporting our previous report, fructose induced a significant increase in glycogen storage that was prevented by R/S-α-lipoic acid coadministration (Fig. 4) .
NAD(P)H oxidase subunits gene and protein
Fructose-fed rats had a higher relative gene expression of gp91 phox and p22
phox than control animals. Co-administration of R/S-α-lipoic acid prevented this increase ( Fig. 5A and B) . A significant increase in p22 phox protein concentration was recorded in fructose-fed animals (a single band in the Western blot of about 22 kDa, compatible with the molecular weight of this enzyme). Once more, this increase was prevented by R/S-α-lipoic acid treatment (Fig. 5C ). Table 3 Body weight and serum measurements. 
Discussion
We have previously shown that normal Wistar rats fed fructose for 21 days developed several generalized metabolic and endocrine disorders [6] . These changes were accompanied by increased hepatic concentration of oxidative stress markers and significant changes in carbohydrate and lipid metabolism that would channel liver metabolites preferentially to energy storage rather than to mitochondrial oxidation [5, 6, 14] . Additionally, using the same animal model, we recently demonstrated that R/S-α-lipoic acid co-administration prevented the development of high triglyceride serum concentrations and hepatic content, probably by decreasing PPARδ and its target lipogenic gene expression [15] . Thus, these changes would be part of the mechanisms by which liver compensates the overload of lipid substrates [26] , such as it occurs in the fructose-rich model.
As we have earlier reported [5] , fructose also induces an increase in hepatic glucokinase activity. Since the enhanced activity was not accompanied by significant changes in glucokinase gene expression/ protein concentration, the effect primarily resulted from a significant increase in the glucokinase nucleus/cytosol translocation as well as an increase in PFK2 concentration, a cytosolic glucokinase activator [5] . The current data support those results and demonstrated that coadministration of R/S-α-lipoic acid to fructose-fed rats drove the values of nuclear-cytosol ratio and PFK2 content to those recorded in control animals. We speculate that the fructose-induced increased production of reactive oxygen species plays an active modulatory role on liver glucokinase activity. Since insulin stimulates glucokinase gene expression via PI3K [27] [28] [29] and fructose-fed rats have hyperinsulinemia, it could be argued that hyperinsulinemia also contributes to increased glucokinase activity. However, since these rats demonstrated decreased insulin sensitivity (higher HOMA-IR and lower Matsuda indices in fructose-fed as compared to control rats), this possibility seems less likely. While the normal range of those indices is unclear in rodents, the significant difference between the two groups strongly suggests that the fructosetreated animals have a decreased insulin responsiveness as compared to control rats not only at the liver (Matsuda index) but also overall (HOMA-IR).
It has been claimed that timely and rapid metabolic adaptation to changes in carbohydrate supply is critical to maintain energy homeostasis and that liver glucose futile cycling plays an important role in such process [30] . It has also been shown that in mice, hepatic glucose/ glucose-6-phosphate recycling compensates for peripheral glucose disposal, in order to preserve glucose homeostasis [31] . A comparable increase in glucokinase and glucose-6-phosphatase activity was measured in our fructose-fed rats (107 and 141% over the control values, respectively), thus suggesting that this futile cycle could be actively operating in our model, decreasing the glucose metabolism and the liver substrates flow to the mitochondria for reactive oxygen species production. Similarly, the increased activity of glucose-6-phosphate dehydrogenase activity (limiting enzyme of the pentose phosphate shuttle) and of glycogen and fat deposit in the liver would be part of the adaptive process because it simultaneously diminishes the overload of substrates to the mitochondria and enhances the redox power by increasing NAD(P)H production [32] . NAD(P)H plays an important antioxidant role by a complex mechanism that includes the reduction of oxidized glutathione to reduced glutathione through the enzyme glutathione-reductase, acting as coenzyme for peroxidases (via glutathione) and been required for catalase stabilization [32] [33] [34] . The fact that R/S-α-lipoic acid co-administration prevented all these changes reinforces our original interpretation.
The fact that R/S-α-lipoic acid co-administration blunted the fructose-induced increased gene expression and protein level of NAD(P)H oxidase subunit p22 phox (there was a simultaneous nonsignificant reduction in gp91 phox ) also suggests the existence of a link between mitochondrial and cytosolic reactive oxygen species production. This possibility merits further research.
Our fructose-fed rats had a significant increase of fructokinase mRNA, protein level and activity supporting the findings of others using either fructose-or sucrose-rich diets [35] [36] [37] . On the other hand, fructose induced increases in fructokinase gene expression, protein level and activity in cultured hepatocytes [22] . Additionally, it has been demonstrated that fructose stimulates its own metabolism by inducing liver fructokinase expression [38, 39] and establishing a vicious cycle, i.e., increased phosphorylation and increased metabolism, thus potentiating the deleterious effect of fructose upon hepatic metabolism [40] . Consistent with these data, patients with non-alcoholic fatty liver disease (NAFLD) portray twice as high fructokinase activity than the general population associated with a significantly higher consumption of sweetened beverages (rich in fructose) [22] . The fact that R/S-α-lipoic acid co-administration to our fructose-fed rats prevented the fructokinase changes strongly suggests that the enzyme activity not only depends on fructose overload but additionally on the positive feedback effect of some down-stream metabolite or signal. In this regard, the redox state of the hepatocyte could be a potential candidate: compelling evidence indicates that enhanced levels of radical oxygen species can modify protein activity or even alter its conformation [41] . However, an oxidative stress-mediated specific alteration in fructokinase structure is only hypothetical and needs further experimental support.
Conclusion
In brief, our results show that fructose induces many metabolic changes in the liver that likely begin with an increase in fructose phosphorylation by fructokinase followed by adaptive changes that attempt to switch the substrate flow from mitochondrial metabolism to energy storage. All these changes are essentially prevented by co-administration of R/S-α-lipoic acid. Therefore, oxidative stress together with fructokinase appear to be key mediators of the metabolic changes induced by fructose. The reduction of fructokinase activity by R/S-α-lipoic acid suggests that some oxidative stress compound or a metabolite produced subsequently acts as a positive feedback to maintain its high levels in fructose-fed rats. Identification of such an active link, and of the effect of antioxidants in the prevention of the transition from impaired glucose tolerance to diabetes merits further studies. 
